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Abstract

NRC offers calibration of ac shunts from milliamperes up to 100 A, in the 10 Hz to 100 kHz
frequency band with expanded uncertainties between 10 LA/A for currents in the milliampere
range to 50 nwA/A at 100 A and 100 kHz. The paper describes the design of NRC ac standard
shunts, as well as NRC experience in calibrations of commercial shunts. The ac-dc difference of
some commercial low current shunts is load sensitive at higher frequency ranges. The paper
discusses reasons for this sensitivity and suggests mitigating solutions.

1. Introduction

The new ac current shunts appearing on the market have created a demand for accurate shunt
calibrations in a wide band of ranges and frequencies: from milliamperes up to 100 A, at
frequencies up to 100 kHz. To meet this demand the National Research Council Canada (NRC)
manufactured a new set of standard ac shunts and upgraded its ac-dc current comparator.

The NRC shunts have been previously described in detail in our publications, [1-3]. The high-
accuracy calibration of ac/dc shunts is not trivial [4], and a significant improvement in its range
and significant reduction in uncertainty was achieved thanks to a joint effort of the metrological
community. NRC, as other National Metrology Institutes (NMI) and manufacturers, is a
beneficiary of these advances. The prototype of a commercial transconductance amplifier was
developed at NIST [5], NRC low current shunts follow a design proposed by the NMI of Sweden
(SP) [6], medium range shunts design was developed by NMIs of Russia (VNIIM), Australia
(MIA) [7] and Sweden [8], and high-current shunts were developed by the NMI of Austria
(BEV) [9]. An exhaustive list of references can be found in the mentioned publications. In this
paper we concentrate on practical aspects of shunt calibrations.

2. Standard Wideband AC Shunts

NRC standard wideband ac shunts have been build in house, either from discrete resistors or
from a resistive foil. Depending on the current range, three different configurations were used.
For low currents, (10 to 50) mA, shunts were build using surface mount resistors. Shunts for
medium range currents, (0.5 to 10) A, were assembled from bulk metal foil resistors. The high
current shunts, (20 to 100) A, are of a cylindrical coaxial design, and have been manufactured
using a manganin foil.
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Fig. 1. Construction details of NRC low current shunts.

2.1 Low current shunts 10 mA — 200 mA

Fig. 1 shows, as an example, the design of a 200 mA shunt. The shunt consists of eight surface
mount resistors, Vishay type VSM2110, arranged in a star-like configuration between two
copper annuli etched on a small single-sided printed circuit board. The board is attached to an
input type-N female connector and mounted in a component box. The (10, 20, 50, 100) mA
shunts are build in the same form, with 10 mA shunt containing four rather than eight resistors.

2.2 Medium range shunts 500 mA - 10 A

The design of the medium range shunt is shown schematically in Fig 2. The structure of the
shunt consists of three parallel plates, one at the current input and two at the voltage output,
connected by several parallel ribs. The plates and the separators are made of a double-sided
printed circuit board. The resistors of the shunt, type Vishay S102C, are soldered between the
two output plates. The current enters through the UHF-type input connector, mounted on the
input plate, and splits between several almost identical paths, equal to the number of ribs. A
current of each path flows through one side of a rib, produces a voltage drop on a path resistor
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Fig. 2. Physical realization and details of design of medium range current shunts.
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and returns through the other side of the rib. The shunt resistors are connected in parallel, low
potential sides through the middle plate, high potential sides through the inner side of the output
plate, the output type-N connector is mounted on the output plate. By using n parallel resistors in
the construction of the shunt one can increase the total power dissipated by the shunt while using
low-power, precision resistors. Because the output is spatially separated from the input and the
input current is split into n equal paths, the fractional current to each resistor is supplied
separately. Each resistor of the shunt is thus coupled only to an n-th fraction of the input current,
thus decreasing the input-output mutual coupling n times. This coupling is often a main source of
frequency error in current shunts.

Open construction of this shunt makes it vulnerable to coupling to outside objects or
electromagnetic fields. We have noticed, for example, that adding to this shunt an additional
protective metal shield, changes the shunt ac-dc transfer difference. We do not use such
protection in our design.

2.3 High current shunts 20 A - 100 A

The high-current coaxial shunt is shown in Fig. 3. It consists of three thin metal-foil coaxial
cylinders, formed on a solid glass-fiber epoxy cylinder. Four circular copper plates, adding to
mechanical strength and stability of the structure, form parts of the input current and output
voltage circuits. The cylindrical shunt resistor, made of a thin manganin foil, is placed in the
middle, between two copper-foil cylinders. The input current return path is through the top
copper cylinder and two input copper plates. The inner-most cylinder serves as a high-potential
output voltage lead. The three cylinders are mutually insulated and connected, as required to
complete the circuit, on the edges of the copper plates. The input connector is LC-type, a de-
facto standard for high-current shunts; we use a type-N male connector at the shunt output. Four
shunts of this design, for nominal currents of (20, 50, 80, 100) A, are part of the NRC standard
shunt set.

The coaxial design is self-shielding, there is no magnetic field outside of the outer conductor.
Thus there is no significant coupling of the shunt to the outside objects, such as the tested shunt,

originating from the shunt current.

Placing the high potential lead cylinder inside the current cylinder has two advantages. In an
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Fig. 3. High current cylindrical shunts.
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ideal situation, the magnetic field is contained between the two current-carrying cylinders. There
is no magnetic field in the space inside the resistive cylinder, the inner conductor of the coax,
thus theoretically there is no magnetic coupling between the input current and the output
potential circuits. Moreover, the four-terminal inductance of the shunt does not include the
inductance of the gap between two coaxial current cylinders, the gap filled by a kapton tape
insulation (not shown on the drawing).

3. AC-DC Current transfer difference comparator

The design of a NRC ac-dc current transfer difference comparator, Fig.4, is very similar in
design to a voltage transfer difference comparator. At the center of the comparator is a multi-
range (2 mA to 100 A) wide-bandwidth (dc to 100 kHz) high-current transconductance amplifier,
Clark-Hess model 8100. The range input voltage to the amplifier does not exceed 4 — 5 V at
frequencies up to 100 kHz. The input sources used are Keithley model 2400 for dc and Stanford
Research System model DS360 for ac. Switching the input of the transconductance amplifier
between these two sources is performed by a USB-controlled mercury-wetted reed-relay.

The two compared shunts are connected in series with the output of the amplifier. One of the
shunts is on the low (ground) potential and the second at the high potential, with its low terminal
at the high potential output of the amplifier. The shunts are connected at the tee by their high
potential current terminals. For maximum accuracy and precision, the voltages at the shunts
potential outputs are measured by thermal voltage converters, TVC1 and TVC2. The outputs of
the TVCs are measured by nanovoltmeters. Usually the input low terminals of both
nanovoltmeters are grounded. However, at frequencies exceeding approximately 10 kHz, the
capacitive leakage currents in the output circuit of the high potential shunt begin to decrease
measurement accuracy. Influence of these currents on accuracy can be limited by connecting the
low input terminal of the high potential nanovoltmeter to the high potential output of the
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Fig.4. Schema of NRC ac-dc current transfer difference comparator.
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amplifier, as shown in Fig. 4. This was possible only after modification of the inner connections
of the ground, guard and input low terminal of an older nanovoltmeter. The newer instruments
do no allow for this modification. However, the degradation in accuracy of a comparison, while
not desirable at the lowest uncertainty levels practiced at an NMI, may not significantly degrade
the uncertainty budget in common situations, but its magnitude should be evaluated.

4. Current Tee

Current tee is a customary name given to a piece of hardware used to connect the output of the
amplifier to the inputs of the two shunts, Fig. 5. In difference to a voltage tee, the current tee
connects the shunts in series rather than in parallel. It connects low potential current terminals of
coaxial shunts to either low or high potential of the amplifier and connects high potential current
terminals in series. To ensure that the exactly same current flows through both shunts, the
connection between the shunts should be short, with small leakage capacitance to the ground
potential. This requirement is particularly important for low-current high-resistance shunts, but
can be easily satisfied. A tee consisting of three connectors appropriately joined together fulfills
this requirement.

At NRC we report as the final result of shunt calibration the average of two comparisons to a
reference shunt, with the tested shunt in potential low and high positions. When the input
connectors of the tested and reference shunts are the same this is easily done by reversing the tee.
When the input connectors differ, for highest accuracy we use two asymmetrical tees in this test,
one with the reference shunt in low position and one in high.

A more difficult task is a design of a current tee for high currents at high frequency. In this
application the capacitive leakage current is negligible in comparison with the shunt current.
However, a maximum compliance voltage of the transconductance amplifier, 7 V, becomes a
limiting parameter, and an inductance of the current leads and the tee becomes an important
factor. During the tests of physically large high-current shunts, the voltage drops on the shunts,
the current tee (connectors) and the lead to the amplifier can be considerable. Consider the
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following examples. At 100 kHz a 100-A current causes an inductive voltage drop wLl of 7 V on
a series inductance as low as 111 nH. In the same conditions we measure almost 1 V on a
male/female LC connection and a 5.5 V voltage drop on 0.23 m (9”) of a coaxial cable
RG218/U, terminated by two LC male connectors. The design of the connecting lead and the tee
should thus minimize the inductance of the loop. At NRC we use a high current tee
manufactured by BEV Austria, Fig. 5, which simultaneously connects both shunts to the
amplifier. An approximate voltage drop on this tee, measured with side arms shorted, is 3 V at
(100 A, 100 kHz), leaving up to 4 V for the voltage drop on the high-current shunts.

5. TVC ac/dc corrections

The result of comparison of two shunts on an ac-dc current transfer comparator is the difference
of ac-dc current transfer differences of the reference and test shunts, 5" — 38/’ . Each of these
terms contains not only the ac-dc difference of the corresponding shunt but also the ac-dc
difference of the measuring TVCs, [10]. Assuming that the reactance of the shunts and an
inductive coupling of the shunt and the measuring TVC circuit are small, the ac-dc current
transfer difference calculated from the nanovoltmeter measurements can be expressed in the
approximate form as:

M 5\/ +L 51 + 5R )

Rg+Rpyc Rg+Rpyc

0;=

1

where 9, ,0, are ac-dc differences of the TVC measured as a voltage and current converter,
respectively. R, and R, are the input resistance of the TVC and the shunt and 8, is the shunt
ac-dc transfer difference.

When we report the ac-dc transfer difference of a shunt we remove from the results the ac-dc
transfer difference of the TVC. The end user of the shunt, when using these results in his
laboratory, has to augment ac-dc shunt transfer difference from the report by the ac-dc transfer
difference of his/her own measuring instrument, as per eqn. (2).

For higher-current shunts, when the shunt resistance is smaller than 20 €, (i.e. 50 mA and higher
currents) only the term containing d,, has to be considered. Similarly, when output of the shunt is

measured using an electronic instrument with high input impedance, the term with J, can be
neglected.

TVCs used with NRC working standard shunts have input resistance of 220 Q (90-Q TVC
combined with 130 Q resistor). The input resistance of the TVCs used in measuring client’s
shunt output is typically 90 Q.

6. Standard Shunts Characterization
The standard shunts are characterized through a bootstrap process, as described in [2]. We start

with a multijunction thermal converter, which can operate up to 20 mA. Its voltage and current
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ac-dc transfer differences are negligible at the frequency range between 20 Hz up to 7 kHz. This
frequency band is extended up to 100 kHz by comparing it to an NRC designed Calorimetric
Thermal Voltage Converter. Such characterized converter is then used at 10 mA and 20 mA to
characterize shunts at these ranges. The 20 mA shunt is then used to characterize a 50 mA shunt
at 20 mA. In the next bootstrap step the 100 mA shunt is characterized by comparison to a
50 mA shunt at 50 mA. The process repeats, to end with the characterization of an 100 A shunt
by comparison to an 80 A shunt. As each shunt is used in the bootstrap process at two levels, the
TVC used to measure the shunt voltage output is characterized at two levels as well, to be able to
take into account the level dependence of the ac-dc difference. This level dependence can be
significant (tens of uV/V) at low frequencies, below 40 Hz.

The error budget at each step of the bootstrap takes into account several components of
uncertainty, such as: reference standard uncertainty, standard deviation of the comparison with
the reference, test linearity, high potential/low potential position uncertainty, TVC ac-dc
difference and level dependence, operating temperature variations and long term stability.
Results of NRC calibration uncertainty at selected levels of current and frequency are shown in
Table 1.

7. Low current shunt calibration

Equation (1) is only an approximation. It shows the ac-dc current transfer difference of a shunt-
TVC combination assuming negligible parasitic reactances (capacitance and self- and mutual
inductance) of a shunt. At frequencies of interest, the shunt and TVC are approximated as pure
resistances. However, when this is not the case, the ac-dc transfer difference of a shunt,
calculated from (1), will depend on the impedance of the output voltage measuring instrument,
i.e. the TVC. This effect can be significant for low-current high-resistance shunts used at
frequencies exceeding several kHz. To limit this error source, a manufacturer of ac-dc shunts
would specify a nominal resistance of a TVC used for calibration, for example 90 Q. An
electronic instrument, with high input impedance, would be fitted with an adapter, to lower its
input impedance to the low input impedance of the 90 Q TVC.

NRC, as well as other National Metrology Institutes, striving for the highest accuracy, continue
using single junction or multijunction TVCs in shunt calibrations. However, TVCs are being

phased-out in the industry, and manufacturers specify parameters of shunts assuming not a low-

Table 1. An example of calibration uncertainty of ac-dc shunts.

Expanded uncertainty U, p€2/Q)

Frequency kHz
Current range A 1 10 50 100
0.01 10 10 10 10
0.1 11 12 14 16
1 13 16 19 21
10 17 17 24 28
100 18 19 36 49
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impedance loading, typical for a TVC, but a high impedance loading, or an open circuit. This can
create a problem in interpretation of the calibration results.

The following example from our practice shows the issue in a perspective. NRC specifies
expanded uncertainty of calibration of a 10 mA shunt at 100 kHz 10 p€/Q. Recently we have
calibrated such a shunt from a newly introduced shunt-set using at first a 90 Q TVC and later a
220 Q2 TVC, (used for NRC working standards). The results of calibration differed by
approximately 25 pQ/Q, 2.5 times NRC quoted expanded uncertainty. The reason for such large
loading influence was traced to a relatively large residual capacitance of the commercial shunt of
a new design. We learned from the client, that he was using a 160 Q TVC with this shunt.

As the test range of calibration of ac/dc shunts increases and the uncertainty decreases, the error
budget has to include components which were not considered previously. As shown here, the
systematic “loading error” can significantly exceed the expanded uncertainty of calibration, if the
load used by an NMI differs from the load used by the client. If not properly taken into
consideration, this will render client’s uncertainty budget unrealistic. If using the same load at
NMI and the client’s laboratory is impractical, this issue can be resolved in several ways:

(a) A loading correction can be established by the calibrating laboratory, the client or the
manufacturer, and the correction applied. The uncertainty budget has to be expanded by
the uncertainty of the application of the correction.

(b) A client may prefer to send to the calibration laboratory his/her loading instrument (TVC)
with a set of shunts and ask for a calibration report of the shunt/instrument assembly
rather than the shunt alone. This is the lowest calibration uncertainty option.

(c) A “nominal load” can be established for popular shunts (for example, 160 /10pF TVC)
and the calibration laboratory and the client would use such a “nominal load TVC”.
Manufacturer could also decide to specify the ac-dc transfer difference of the shunts
under the “nominal load”. Unfortunately, while this was the calibration practice thus far,
it may no longer be practical for all clients.

8. Summary

In response to the requirements of the market place, NRC has expanded its shunt calibration
capabilities to 100 A in current magnitude and 100 kHz in frequency. NRC standard shunts were
custom built in-house, using three different designs for low, middle and high current ranges.
Extensive tests were conducted to evaluate the influence of different components on the shunt
calibration uncertainty.

While calibrating shunts introduced recently on the market, a possible problem affecting
accuracy of clients calibration was identified, when a shunt calibrated using a low-impedance
TVC is used in a high-impedance, or no-load, condition. We propose introduction of a “nominal
load” or a table of typical corrections for shunts with non-negligible residual reactances.
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